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In polar magnets with axial symmetry, such as GaV4S8, GaV4Se8 and VOSe2O5, the Ne´el-type
skyrmion lattice state, formed by the superposition of cycloidal modulations, was found stable over
extended temperature ranges, even down to zero Kelvin. Based on a combined small-angle neutron
scattering and magnetization study, we show the robustness of the Ne´el-type magnetic modulations
also against external fields up to 1.7 T in the polar GaMo4S8. This 4d electron system is subject
to a stronger spin-orbit coupling (SOC) than the known skyrmion-hosts mainly composed of 3d
transition metals. The enhanced SOC produces a variety of modulated phases with very short
periodicity, λ < 10 nm and a peculiar distribution of the magnetic modulation vectors.
In the presence of strong spin-orbit coupling (SOC)
topologically non-trivial states of condensed matter
emerge such as the surface states of topological insulators
[1, 2], Dirac and Weyl fermions [3, 4] or majorana parti-
cles [5, 6]. In spin systems the competition between the
Heisenberg-exchange and the Dzyaloshinskii-Moriya in-
teraction (DMI), the latter being the antisymmetric part
of the exchange tensor first order in SOC and only present
in the lack of inversion symmetry, gives rise to spin spirals
and skyrmion lattice (SkL) states [7–9]. The non-trivial
topology of skyrmions [10, 11], as well as their interaction
with conduction electrons [12], electric fields [13–15] and
spin-waves [16–18] motivated intense research leading to
several proposals for their applications in next-generation
data storage and microwave-frequency spintronic devices
[19–22].
The SkL phase was first observed in the chiral cubic he-
limagnet MnSi with moderate SOC [23]. The symmetry-
dictated form of DMI in these cubic helimagnets give rise
to Bloch-type magnetic modulations, i.e. spin helices and
Bloch-skyrmions. As a consequence, below the forced
ferromagnetic state the finite-field region of the phase
diagram is dominated by the longitudinal conical state,
where the magnetic modulation vectors co-align with the
field. The SkL, comprising q-vectors perpendicular to
the direction of the applied field, is stabilized by thermal
fluctuations only in the close vicinity of the Curie tem-
perature [23, 24]. Cubic magnetocrystalline anisotropies
that are higher-order terms in the SOC determine the
orientation of helical order at zero field and induce small
deflections of the SkL planes for fields applied along low-
symmetry crystallographic directions [24, 25]. As the
strength of the SOC increases in Mn(Si1−xGex) by re-
placing Si with heavier Ge the periodicity of the magnetic
modulation decreases and the SkL state is transformed
to a hedgehog-lattice state [26].
Recently, spin cycloids and Nel SkL are found in the
low-temperature polar phase of GaV4S8 with space group
R3m [27], which is a multiferroic semiconductor with a
lacunar spinel crystal structure [28]. The cycloidal char-
acter of the modulations, which was confirmed by polar-
ized small-angle neutron scattering (SANS) [29], along
with q-vectors restricted to the plane perpendicular to
the rhombohedral axis (see Fig. 1 (a)-(b)) precludes the
emergence of the longitudinal conical state for fields along
the polar axis, enhancing the stability range of the SkL
phase in this compound[27, 30]. The strong easy-axis
anisotropy in GaV4S8 [31], on the other hand, promotes a
ferromagnetic (FM) ordering at low temperatures. Con-
versely, in its sister compound, GaV4Se8, the cyloidal
phase and SkL were demonstrated to extend down to the
lowest temperatures [32, 33] owing to its weaker easy-
plane type anisotropy. In both compounds, SANS exper-
iments revealed magnetic modulations with wavelengths
of λ ∼20 nm [27, 29, 32], indicating a similar ratio of the
exchange interactions and the DMIs.
For potential memory and spintronic applications a
further reduction in the skyrmion size is desired, which
can be achieved through the enhancement of the SOC.
In the vast majority of the skyrmion host crystals re-
ported to date, the magnetism is governed by 3d elec-
trons of transition metals, such as V, Mn, Fe, Co, Cu.
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FIG. 1. A comparison of the reciprocal-space structure of the
modulation wavevectors in GaV4S8 and GaMo4S8. The first
row contains the SANS tomographic image and its graphical
representation in GaV4S8 in panels (a) and (b), respectively.
The scattering pattern contains four rings of q-vectors repre-
sented by distinct colors in panel (b), each corresponding to
one type of rhombohedral domains. Panels (c)-(d): Distribu-
tion of the magnetic wavevectors observed in GaMo4S8. The
rings are deflected from the {111}-type planes in the segments
between the 〈110〉 directions in an alternating manner.
In this letter, we demonstrate the emergence of particu-
larly robust modulated magnetic phases in the 4d polar
magnet, GaMo4S8, using SANS and magnetization mea-
surements. According to our SANS data, shown in Fig. 1
(c), the stronger SOC reduces the periodicity of the mag-
netic structure to λ ≈ 9.8 nm, being the shortest mod-
ulation observed in bulk crystals hosting the SkL state.
Moreover, it modifies the distribution of the q-vectors, as
highlighted in Fig. 1 (d). We explain the distortion of the
reciprocal-space distribution of the cycloidal wavevectors
by an effective Landau theory containing a strong cubic
anisotropy term in addition to the axial anisotropy, char-
acteristic for the rhombohedral state.
In the lacunar spinel GaMo4S8, each tetrahedral Mo4
cluster carries a spin S=1/2, corresponding to an un-
paired hole occupying a triply degenerate orbital in the
cubic state (space group F43m) [28]. Analogously with
GaV4S8 and GaV4Se8 [28, 32, 34], this degeneracy is
lifted by a cooperative Jahn-Teller transition occurring
at TS = 44 K, through a rhombohedral distortion of the
lattice along any of the four 〈111〉-type cubic directions,
giving rise to a sizable pyroelectric polarization [35, 36].
As a consequence, the material develops a complex lamel-
lar pyroelectric domain structure where the primary do-
main boundaries lie along {100}-type planes [35]. Below
TC = 19 K, long-ranged magnetic order sets in, display-
ing metamagnetic phase transitions upon the application
of external fields, as already implied by early magnetiza-
tion studies on powder samples [37].
We explored the reciprocal-space distribution of the
magnetic modulation vectors in GaMo4S8 by SANS ex-
periments performed at the Oak-Ridge National Labo-
ratory (ORNL) High-Flux Isotope Reactor (HFIR), us-
ing the General-Purpose Small-Angle Neutron Scattering
Diffractometer (GP-SANS) [38, 39]. A single crystalline
sample with a mass of m = 112 mg, was mounted onto a
rotatable sample stick with its [11¯0] cubic direction paral-
lel to the rotation axis. A neutron wavelength of λn=6 A˚
with ∆λn/λn=0.13 broadening was used with the detec-
tor set to a distance of 5 m from the sample, employing
a collimator of the same length.
The scattering intensity was recorded in zero-field at
T =2 K upon the 180◦ rotation of the sample in 1◦ steps,
with an acquisition time of 120 s at each angle. The back-
ground signal was measured in the paramagnetic phase
at T = 25 K following the same procedure. The scat-
tering images were averaged over a 10◦ moving window
in the rotation angle to improve the signal-to-noise ra-
tio. Figures 2 (a)-(d) show the SANS images obtained
on four high-symmetry planes, namely the (111), (110),
(112¯) and (001) planes. A pixel-wise adaptive Wiener
filter, assuming Gaussian noise, was applied for better
visualization.
Gaussian fitting of the scattering intensity averaged
over the polar angle in the (111) plane yields |q| =
0.64 nm−1 for the length of the modulation vectors with
a FWHM of 0.2 nm−1, corresponding to the real-space
periodicity of λ ≈ 9.8 nm. The large uncertainty of |q|
mainly originates from the broad and anisotropic distri-
bution of the scattering intensity. Whereas the Curie-
temperature is close to that of GaV4Se8, implying a sim-
ilar strength of the symmetric exchange (J) in the two
compounds, the modulation wavelength in GaMo4S8 is
roughly half of that in GaV4S8 [27] and GaV4Se8 [32],
implying a stronger DMI coupling (D), as λ ∝ J/D.
Over the wide-angle rotation experiment, each scatter-
ing image represents a planar cross section of the three-
dimensional distribution of the q-vectors, where the polar
angle of the vertical slicing plane is varied over the step-
wise rotation of the sample. The 3D scattering pattern
was reconstructed using the whole set of the cross section
images. In order to enhance the signal-to-noise ratio and
to eliminate the asymmetries of the scattering pattern in-
troduced by imbalances between the populations of the
different types of structural domains, the 3D scattering
pattern was symmetrized by enforcing symmetry opera-
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FIG. 2. Panels (a)-(d): SANS images in high symmetry crystal planes. Panels (e)-(h): reciprocal-space distribution of the
cycloidal wavevectors, shown from the direction of the neutron beam in (e)-(h), respectively. The perturbative solution of the
model potential in Eq. 1 fitted to the experimental data is visualized by solid curves plotted over the experimental data. The
four different colors represent scattering from the four types of rhombohedral domains.
tions of the cubic Td point group to the 3D scattering
patterns [40]. Figures 2 (e)-(h) display the symmetrized
image as viewed from the different high-symmetry direc-
tions.
It is instructive to compare the reciprocal-space q-
distributions in GaV4S8 and GaMo4S8, as shown in
Figs. 1 (a) and (c), respectively. The neutron scatter-
ing data collected in the zero-field cycloidal phase of
GaV4S8 at 12 K is reproduced from Ref. 29. In both
compounds the cycloidal q-vectors are distributed over
four intersecting rings corresponding to the four struc-
tural domains. The ring structure of the intensity cor-
responding to a given type of structural domain, instead
of six well-defined Bragg spots, is due to static orienta-
tional disorder of the q-vectors, as discussed in Ref. 29.
However, in contrast to GaV4S8, where the modulation
vectors are evenly distributed over rings restricted to the
{111}-type planes, in GaMo4S8, the four rings of the q-
vectors wave out of the {111} planes, crossing them only
along the 〈110〉-type direction. This waving pattern of
the q-vectors, preserving the three-fold rotational sym-
metry of the rhombohedral structure, is highlighted by
the schematic image in Fig. 1 (d). The four rings with
different colors represent the modulation vectors belong-
ing to the four structural domains.
In order to reproduce the waving of the q-vectors, the
following effective Landau potential for the unit vector
qˆ is considered with its x,y,z components defined in the
cubic setting,
V(qˆ) = (nˆqˆ)2 + α (qˆ4x + qˆ4y + qˆ4z) + .... (1)
The first term describes the uniaxial anisotropy emerging
in the rhombohedral phase with the nˆ unit vector parallel
to any of the four 〈111〉-type polar axes, and the second
term is the lowest-order term compatible with the cubic
Td symmetry. The length of the q-vectors is essentially
fixed by the DMI, q ∼ D/J , which is consistent with the
experimental SANS data. The coefficient α parameter-
izing the relative strengths of the two terms in Eq. (1)
is thus effectively of second order in the SOC. The first
term ensures the confinement of the q-vectors normal to
the polar axes, nˆ, as imposed by the DMI. The wav-
ing of the q-vectors out of the {111} planes is captured
by the second term. On the microscopic level it repre-
sents magnetocrystalline contributions to the Ginzburg-
Landau theory for the magnetization that are effectively
of fourth order in the SOC.
The minimal-energy solutions to Eq. (1) are sought by
parametrizing qˆ in spherical coordinates on the surface
of the unit sphere,
qˆ = eˆ1 sin Θ cos Φ + eˆ2 sin Θ sin Φ + eˆ3 cos Θ, (2)
4where the orthonormal coordinate system {eˆ1, eˆ2, eˆ3} is
chosen for each domain such that eˆ3 is parallel with the
polar axis nˆ, whereas eˆ1 and eˆ2 are parallel to the corre-
sponding 〈11¯0〉 and 〈112¯〉-type directions normal to the
polar axis. In the limit of very small SOC, α is negligible
and the wavevectors are basically in-plane Θ ≈ pi/2. At
this order of SOC, the spirals are degenerate with respect
to the azimuthal angle Φ giving rise to an equal distribu-
tion on circles in reciprocal space as observed for GaV4S8
in Fig. 1(a). Expanding the potential in Θ around pi/2
up to the second order and minimizing one obtains for
the deviations
Θ(Φ) =
pi
2
+
√
2
3
α
1 + α
sin (3Φ), (3)
that describes the waving of qˆ in GaMo4S8. The least-
square fitting of the data to Eq. (3) yields α = −0.14 ±
0.003 and |q| = 0.64 nm−1 ± 10−3 (λ = 9.81 nm). As
shown in Figs. 2 (e)-(h), the fitted model is in excellent
agreement with the SANS data, indicating the significant
influence of cubic anisotropies in GaMo4S8 as opposed to
GaV4S8,[41] in accord with the stronger atomic SOC of
Mo.
The tilting of qˆ out of the {111} planes as well as higher
order SOC represented by additional terms qˆ6x + qˆ
6
y + qˆ
6
z
in the Landau potential break the degeneracy and favour
wavevectors to point either along 〈11¯0〉 or 〈112¯〉. How-
ever, within our experimental accuracy we were not able
to resolve an enhanced intensity along any of these direc-
tions, see SI.
The magnetic phase diagram of GaMo4S8, shown in
Fig. 3 (a), was determined via static magnetization mea-
surements, using the same single crystal. The magnetiza-
tion was measured after zero-field cooling with increasing
field applied parallel to the [001] cubic direction. The
critical fields identified as peaks in the differential sus-
ceptibility curves are indicated in Fig. 3 (b).
Remarkably, a number of metamagnetic phase transi-
tions were observed below TC = 19 K down to the low-
est temperatures, with the highest critical fields ranging
up to HFM = 1.7T . Note that the four polar domains
are magnetically equivalent in fields applied along [001],
therefore all the observed magnetic phases are present in
each domain. Field-dependent SANS experiments per-
formed at 10 K on the same crystal, shown in Fig. 3 (c),
indicate the presence of modulated magnetic phases in
fields up to the field-polarized ferromagnetic (FM) state.
Notably, an anisotropic smearing of the scattering in-
tensity is evidenced in low magnetic fields, which con-
tinuously evolves to well-defined Bragg spots in mod-
erate fields. The vanishing of the SANS intensity at
µ0H = 1.6 T indicates the transition to the FM state.
No significant variation in the average length of the q-
vectors is found.
Note that in larger fields, additional scattering inten-
sity emerges along the two diagonal lines, i.e. the [100]
1.6T
1T
0.5T
0T
(001) 1 nm-1
H
[10
0]
[110]
[1
10
]
(a)
(b)
(c)
0 2 4 6 8 10 12 14 16 18 20
0.4
0.8
1.2
1.6
2.0
H || [001]
FM
PM
Cyc
T(K)
0 x
x
x
x
µ 0
H
(T
)
∂m
/∂H
(1
0-
4 μ B
/f.
u.
/O
e)
µ0H (T)0 1 2 3
0
0.5
1
1.5
T=5K
T=11K
FIG. 3. Panel (a) displays the magnetic phase diagram
of GaMo4S8, obtained by static susceptibility measurements
with the magnetic field parallel to the [001] crystallographic
direction. The black symbols indicate the anomalies observed
in the static susceptibility curves. The connecting lines are
guides to the eye. The anomalies that appear weaker in the
differential susceptibility curves are indicated by smaller dots
connected by dashed lines. Panel (b): differential suscepti-
bility measurements at T = 5 K (blue curve) and T = 11 K
(red curve). The anomalies in the susceptibility curves are
indicated by black arrows. Panel (c): Field-dependent SANS
images acquired at T = 10 K with both the neutron beam
and the direction of the magnetic field being parallel to the
[001] direction. The SANS measurement points are indicated
by red crosses on the phase diagram in panel (a).
and [010] directions. It is not caused by the magnetic
modulations within the rhombohedral domains but by
the modulation of the magnetization through the lamel-
lar rhombohedral domain structure, stacked along any of
the 〈100〉-type axes [35], due to the alternation of the
anisotropy axis from domain to domain. [42]
The complexity of the SANS pattern, partly com-
ing from the coexistence of rhombohedral structural do-
mains, makes it difficult to identify the various modu-
lated phases emerging between the low-field cycloidal and
the field-polarized FM states. Our results, however, in-
dicate an extreme robustness of the modulated magnetic
phases up to 1.7 T. Since HFM ∝ D2/J , this finding
corroborates the SANS data evidencing that the DMI
is the strongest in GaMo4S8 among the lacunar spinels
known to host SkLs to date, likely due to enhancement of
the SOC from 3d to 4d electrons. The robustness of the
modulated phases against strong tilting of the magnetic
field from the polar axes, implies an easy-axis type mag-
netic anisotropy, similarly to GaV4S8 [30]. On this basis
one expects that the cycloidal phase is transformed to a
5SkL upon applying a magnetic field. A recent theoretical
study that combines DFT calculations and Monte-Carlo
simulations supports this scenario [43]. The additional
magnetization anomalies at higher fields may correspond
to the suppression of the SkL by oblique magnetic fields
and the re-entrance of the single-q state in the form of
elliptical cones or other distorted spirals [30]. Some of
these anomalies may also originate from the redistribu-
tion of the q-vectors, again induced by the transverse field
component. The geometrical constraints arising from
the sub-micrometer thick lamella-like structural domains
may, similar to thin films [44, 45], also give rise to the
emergence of new modulated phases, not existing in bulk
crystals. These open questions demand real-space imag-
ing studies that are highly challenging considering the
short periodicity of the magnetic modulations and the
polar domains in GaMo4S8.
In conclusion, we studied the magnetically ordered
phases of a 4d cluster magnet, GaMo4S8 by SANS and
magnetization measurements. We found modulated mag-
netic states with short periodicity that can be attributed
to the stronger DMI enhanced by the stronger SOC.
The q-space distribution of the modulation vectors is
markedly deformed. This deformation is explained in
terms of a phenomenological model containing higher or-
der anisotropies, which become important in this 4d com-
pound. In finite fields, a series of phase transitions are
observed, which may be assigned to the transformation
of the cycloidal ground-state to SkL state or to elliptical
conical states. The exceptional stability of the modu-
lated states against the magnetic field also indicates the
importance of SOC, which may gives rise to exotic spin
textures in GaMo4S8. In order to identify the topology
of the magnetic states their real space observation will
mean an important step forward.
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